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Abstract 
Highly reactive integrated material systems have recently gained attention, as they promise a feasible tool for het-
erogeneous integration of micro electromechanical systems. As integrated energy sources they can be used to join 
heterogeneous materials without applying too much thermal stress to the whole device. An alternative approach is 
proposed, comprising a single layer of a reactive nanocomposite made of intermixed metal nanoparticles, instead of 
multilayer systems. In this study the development of the reactive nanocomposite from choice of materials through 
processing steps, handling and application methods are described. Eventually the results of the experiments upon 
the reactivity of the nanocomposites and the feasibility for bonding applications are presented. Analysis of the 
composites was performed by phase-analysis using x-ray diffraction and reaction propagation analysis by high-speed 
imaging. Composition of products was found to vary with initial particle sizes. Beside of other phases, the dominant 
phase was intermetallic NiAl.
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Background
Exothermic reactions have been used as a source of 
energy for welding and soldering application for well 
over 100  years [1, 2]. This method, firstly named ther-
mite welding after the reactive mixture Al and iron oxide 
(thermite), was mainly used in rail track building. The 
concept uses a self-sustaining exothermic chemical redox 
reaction at the joint. The reaction products are elemen-
tary iron and Al oxide. Due to the high reaction tempera-
tures the iron melts and fills in the joining gap in molten 
form. In the past 15  years, research groups started to 
adapt comparable processes for microsystems technolo-
gies, using the term of integrated reactive material sys-
tems [3, 4]. While the new processes completely differ 
from thermite welding in means of used materials, the 
concept of using the energy emitted by a self-sustaining 
reaction for bonding is comparable.
The concepts mostly rely on the following structure: 
a reactive material composition is applied to the gap in 
between the two surfaces which are to be joined. The 
bonding surfaces are coated with a solder layer. While 
applying pressure, the intermediate reactive layer is 
ignited by a short pulse of energy (e.g. electric current, 
heat contact, laser pulse) and the following exothermic 
reaction leads to melting of the solder. The solder solidi-
fies immediately after the reaction front has passed and 
forms a bond at the adjacent surfaces. As the process takes 
place in only a few milliseconds and the emitted energy is 
mainly used for melting the solder, the surrounding mate-
rial’s temperature does not significantly rise [5].
Common among the new processes is the usage of 
reactive multilayer systems. These systems comprise lay-
ers with a thickness in the nanometer regime and are 
alternately stacked up to a total thickness of some tens of 
micrometers [5]. Main advantage of multilayer systems is 
the large reactive surface area leading to very high reac-
tion front propagation velocities in the regime of tens of 
meters per second. The inherent disadvantages of mul-
tilayer systems are the time consuming, complex and 
expensive manufacturing of many alternating layers and 
the need for patterning of the reactive system [6].
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Overcoming these problems, the concept of a bonding 
process based on a single layer reactive nanocomposite 
(RNC) which can be deposited in arbitrary patterns was 
developed [7]. Figure 1 shows a drawing of the bonding 
concept using RNC with only four process steps. Step 
one is to deposit the reactive nanocomposite dispersed 
into a carrier fluid onto the bottom substrate in an arbi-
trary pattern. After the carrier fluid is removed by evapo-
ration, in step two, the top substrate is aligned. Step three 
is to ignite the RNC layer while applying pressure to the 
substrates. After the reaction has passed, the bond is 
finished (step four) and the surrounding areas were not 
heated significantly.
Materials and processing
An extensive overview of material combinations which 
can undergo the desired kind of reaction is given by 
Adams in an excellent review on the applications of reac-
tive multilayer systems [8], which to study the reader is 
strongly encouraged. Although various material combi-
nations are capable of executing self-propagating high 
temperature reactions, according to Adams, the majority 
of research is attributed to the Ni/Al system.
Table 1 shows the key properties of the material com-
bination that was evaluated for the RNC development. 
Important properties are the specific reaction enthalpy 
and the adiabatic reaction temperature. The Ni/Al system 
shows sufficiently high values for both properties in com-
parison to other possible materials combinations, such as 
Al+Ti or Ti+Ni [9]. As initial experimental results were 
most promising with the Ni/Al system, further investiga-
tions were concentrated on this system.
Pure elemental Ni- and Al-nanoparticles were acquired 
from Iolitec (Heilbronn, Germany). Four sample batches 
were used with particles of spherical shape with equia-
tomic mixtures of Ni and Al particles. Table  2 gives an 
overview of the particle sizes as declared and as meas-
ured and the nomenclature which is used in this article 
for the batches. Accordingly to the raw materials nomen-
clature, the sample mixtures were named Al18Ni20, 
Al18Ni60, Al40Ni20, Al40Ni60.
Chemical composition of the educt batches was evaluated 
by XRD measurement, showing no oxide phase formation 
to the detection level of XRD, as shown in Fig. 2. All pro-
cessing and experimental steps were conducted in a glove 
box with clean inert (99.99990% argon) atmosphere to 
prevent passivation of the reactive materials and any other 
unintended reactions.
Experiments and results
Wet and dry mixing of metallic nanoparticles were com-
pared. The prior was executed using cyclohexane as a 
solvent for dispersing the nanoparticles. The latter was Fig. 1 Drawing of the concept of reactive nanocomposites (RNC) 
based bonding. 1 Deposition of the nanocomposite mixture dis-
persed in a carrier fluid onto the bottom substrate. 2 Removal of car-
rier fluid by evaporation and alignment of top substrate. 3 Ignition of 
the reactive bonding layer by a laser pulse through the top substrate 
while applying pressure. 4 Finished bond. The surrounding areas are 
not heated significantly
Table 1 Properties of  the materials combination used 
for the RNC development [13]
Reaction mechanism Ni+Al → NiAl
Reaction enthalpy Hf −59 kJ/mol
Adiabatic reaction temperature TAd 1900 K
Reference [13]
Table 2 Batch description and  particle sizes of  the 
acquired material
a Estimated particle size of these batches based on SEM graphs
Batch name Material Specified diam-
eter (nm)
Measured 
diameter (nm)
Al18 Aluminium 18 41 ± 21
Al40 Aluminium 40–60 80a
Ni20 Nickel 20 47 ± 18
Ni60 Nickel 60–80 100a
20 30 40 50 60 70
Al18
Ni20
Diffraction angle 2θ (◦)
Al40
Ni60
Fig. 2 XRD graph of the initial nanoparticles batches. All samples 
show high material purity with negligible oxygen contamination
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executed using manual grinding of the nanoparticles in 
a porcelain mortar. The procedure for wet mixing was 
as follows: nanoparticles of Al and Ni were dispersed in 
equi-atomic ratio in cyclohexane. The particles were of 
spherical shape and the particles’ diameters were 18 or 
40 nm for the Al and 20 and 60 nm for the Ni particles. 
Sample batches were named by composition of material 
and particle size, e.g. Al18Ni20 for a mixture of Al par-
ticles with 18 nm and Ni particles with 20 nm diameter, 
respectively.
After dispersing the particles into the solvent, ultra-
sonic agitation was applied at 48 kHz and approximately 
20  W. After ultrasonification the dispersion was dis-
pensed onto sample substrates, made from silicon and 
copper. After dispensing, the solvent was evaporated at 
room temperature or elevated temperature. All experi-
ments were conducted under inert Ar atmosphere. After 
evaporation of the solvent the residual particles form the 
reactive layer. Ignition of the reactive layer was executed 
using laser radiation. A laser diode with a wavelength of 
 = 808  nm and optical power p = 166  mW was used. 
Variations of all parameters like particle size, particle size 
ratio, atomic ratio, ultrasonification time, dispersion con-
centration, ignition temperature, laser power, substrate 
material, materials combination were performed, each 
experiment leading to the same result that dispersed Al–
Ni mixtures were not ignitable. XRD (x-ray powder dif-
fraction) and EDX (energy dispersive x-ray spectroscopy) 
analysis showed significant oxygen contamination on all 
samples. This leads to the conclusion, that reactions were 
constrained by passivation layers on the particles. XRD 
spectra of wet and dry deposited samples are compared 
in the Additional file 1.
Mechanical activation with high energy ball milling 
was reported to enhance reactivity of reactive nanomate-
rials [10]. In contrast to the wet mixed composites, igni-
tion experiments with mechanically activated samples 
were successful. Other than in the literature, mechanical 
activation was not conducted using a mill, but by simple 
manual pestling of the particles in a porcelain mortar 
for several minutes. RNC sample batches of equiatomic 
Al18Ni20, Al18Ni60, Al40Ni20 and Al40Ni60 particles 
were weighted into the mortar. After pestling, the parti-
cles were removed from the mortar for further process-
ing. Two sets of experiments were conducted. In the 
first set, the particles were dry deposited onto the sub-
strate. In the second step the particles were dispersed in 
cyclohexane for dispensing and after deposition dried in 
a vacuum chamber. Ignition tests were performed using 
the same laser setup as aforementioned. Self-propagating 
high temperature reactions were observed in the RNC 
layer with a maximum reaction front propagation veloc-
ity of 20.5 mm/s. Figure 3 shows sequences of captured 
images from videos taken of reactivity experiments of dif-
ferent material compositions on a time scale. The reac-
tion front propagation velocity varies by a factor of two, 
depending on the particle combination.
XRD analysis of the grinded samples showed spectra 
matching the combined spectra of the respective pure Al 
and Ni particles, showing that no phase transformation 
takes place during mixing and grinding, hence the pro-
cess of mechanical activation does not involve mechani-
cal alloying.
Reactivity is quantified by measuring the reaction front 
propagation velocity and the amount of unreacted mate-
rial in the sample after the reaction. Particle size and 
the difference in density of Al and Ni lead to large dif-
ferences in the ratio of number of particles per material. 
As all samples were prepared with the same stoichiom-
etry (1:1), the chemical composition is constant and not 
expected to influence the reactivities. Reactivity of the 
sample was found to correlate with the number of parti-
cles per material ratio. Figure 4 shows the reaction front 
propagation velocity and the amount of reacted material 
over the number of particles ratio. Both parameters show 
a peak in the region of 1–10 Al particles per Ni particle. 
The highest velocity and reacted fraction were meas-
ured at the Al40Ni60 sample, followed shortly after by 
the Al18Ni20 sample. Both, velocity and reacted fraction 
were much lower for the other two samples, Al18Ni60 
and Al40Ni20. Figure  5 shows XRD graphs of the reac-
tion products and mass fraction distribution of different 
phases in the products. Besides some unreacted material, 
up to four different phases were found in the products, 
namely Ni2Al3, NiAl, Ni3Al (cubic) and Ni3Al-T (tetrago-
nal). Mixed to a 1:1 stoichiometry, the intermetallic NiAl 
phase was expected to dominate. Any amounts of other 
phases or unreacted particles are presumably a result of 
inhomogeneous material distribution throughout the 
reactive layer. The Al40Ni60 sample, which showed the 
smallest amount of unreacted material also reveals the 
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Fig. 3 Comparsion of flame propagation velocity of four different 
dry deposited samples. Sample track length is 30 mm, frames were 
grabbed from a video shot with 30 fps. Flame propagation speed 
(vfp) is calculated from experiment duration (texp) (a) Al18+Ni60 
texp = 3 s vfp = 10 mm/s, (b) Al40+Ni20 texp = 2.5 s vfp = 12 mm/s, 
(c) Al18+Ni20 texp = 2 s vfp = 15 mm/s, (d) Al40+Ni60 texp = 1.46 s 
vfp = 20.5 mm/s
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largest fraction of the desired NiAl phase. It is worth not-
ing, that no differences were measured in the reactivity 
between dry and wet deposited samples.
Conclusion
Experiments upon the reactivity of four different mix-
tures of Al and Ni nanoparticles were conducted. All 
mixtures were prepared in an equiatomic ratio (stoichi-
ometry 1:1) with only the particle sizes varying.
The nanoparticles were of spherical shape with diam-
eters in the range of 18 to 80 nm. Self-propagating high 
temperature synthesis reactions were initiated by laser 
ignition of mechanically activated samples.
Mechanical activation was conducted by pestling the 
particles in a ceramic mortar. Reactivity of a sample was 
quantified by measuring the reaction front propaga-
tion velocity using high speed imaging and the amount 
of reacted material using XRD analysis of the reaction 
product.
It was found that reactivity of the samples greatly dif-
fers depending on the ratio of Al particles per Ni particle. 
The Al40Ni60 sample showed the highest reaction front 
propagation velocity (20.5  mm/s). Two possible reasons 
for the increased reactivity of this sample are presented:
1. As all samples were prepared with a 1:1 stoichiome-
try the size proportion of this sample’s particles leads 
to an approximate equal number of particles per 
material. Thus leading to a homogeneous distribution 
of “reaction points”, which is the contact of two par-
ticles with differing materials, throughout the sample 
and an approximate equal number of reaction points 
per reactive particle.
2. As the diameters are the largest, an occasional pas-
sivation layer (like oxygen contamination, i.e.) would 
have the smallest influence on the total amount of 
reactive material. Passivation layers’ thicknesses tend 
to be not depending on the particle diameter, hence 
a passivation layer with about 4 nm thickness would 
lead to about 53% passivated material for 18nm parti-
cles but only 19% passivated material for 60 nm par-
ticles, respectively. Although the reacted materials 
did not show significant oxygen contamination this 
generally has to be considered critical when dealing 
with ultra-small reactive particles. In other studies, 
extensive efforts were driven to lower the reaction 
velocity, achieving values in the same order of magni-
tude as this work [11]. The highest amount of reacted 
material was also measured for the Al40Ni60 sam-
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Fig. 4 The graph shows the reaction front propagation velocity and 
the mass fraction of reacted material of the sample, both over the 
number of Al particles per Ni particles ratio. Due the 1:1 stoichiometry 
of the samples, the ratio is derived from the particle sizes. Velocity axis 
on the left, marked with diamonds, reacted material axis on the right, 
marked with circles
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Fig. 5 XRD graph of the reaction products and distribution of differ-
ent phases in the products. Phases and amount of unreacted material 
differ strongly between the samples. Mass concentration was calcu-
lated based on Rietveld refinement after pattern fitting
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ple with (96.4%). In these experiments the samples 
were deposited onto a bottom substrate, but no top 
substrate was pressed on top of it. It was found that 
application of a top substrate lead to a high probabil-
ity for quenching of the reactions. A reaction front 
passing through the whole sample without reaction 
quenching is essential to establish bonding. Heat 
transfer of the reaction into the substrates has to be 
carefully considered—it is necessary to have a suffi-
cient amount of heat transferred into the solder layer 
to enable melting, while at the same time provide 
enough energy to keep the reaction self-sustaining. 
To enable reactive bonding with a RNC layer high 
reactivity is desirable to prevent reaction quenching 
by heat transfer into the substrates.
Therefore, in further studies, focus shall be set on the 
Al40Ni60 system. Comparing the reactivity of the com-
mercial reactive bonding tool NanoFoil (2–10 m/s) with 
our Al40Ni60 RNC system by the reaction front propa-
gation velocity shows a reactivity about 2–3 orders of 
magnitude larger for the NanoFoil [12]. High energy ball 
milling shall be employed in following studies instead 
of manual pestling to increase the reactivity of the RNC 
layer. In addition, the rheological properties of the RNC 
dispersion shall be investigated to enable ink-jet printing 
of the RNC layer instead of dispensing.
Though not yet realized, using dispensable reactive 
nanocomposites as heat source for bonding applications 
in microsystems technologies seems a very promising 
concept which is well worth further investigations.
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